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TECHNICAL ABSTRACT AND SUMMARY

The basic objective of this research program is to characterize the development of

material fatigue by means of stress-strain hysteresis and acoustic emission measurements.
We have conjectured that the accumulation and organization of damage in material fatigue
is similar to the progressive failure of structures under cyclic loading. And, specifically, that
the cudurance limit of » material in fatigue is the analogue of the incremeantal collapse load
of a structure. Since the principal features of the service life and failur> of structures can
be completely described by hysteresis methods, it is plausible that similar means can be used
to characterize the inception and organization of microplastic processes in materials. All
of the experimental results obtained during the current research program confirm these
conjectures.

1)

2)

3)

4)

The principal results are the following:

Symmetric, strain-controlled loading cycles of unannealed 1018 steel specimens show
that the average hysteresis energy dissipated per cycle is a linear function of the
strain amplitude.

Results from the strain-controlled tests show that average hysteresis energy dissipated
per cycle is nearly constant with respect to number of loading cycles while cumulative
hysteresis energy dissipated is a function of both strain amplitude and the number
of cycles to failure.

Uniaxial tension tests show that the proportional limit is approximately equal to the
threshold strain e, for the inception of hysteresis.

The correspondence between the shakedown of structures and the endurance limit
of materials suggests that the loading threshold for fatigue failure is a phase
boundary whose location depends sensitively on plastic microstructure. The general
hysteresis theory indicates that this boundary is correlated with the load limit beyond
which there is a breakdown of the Kaiser (or, memory) effect in acoustic emission.
This trend is confirmed by preliminary experimental results for AE measurements.




1. INTRODUCTION AND BACKGROUND

The failurc of structures under repeated loading and the fatigue failure of materials are
both important areas of engineering research with extensive literatures. This introduction
treats a few essential features that are common to both areas and indicates their relevance to
the research effort described herein.
1.1 Hysteresis, Damage, and Fr.cture Mechanics

[t is taken for granted that cumulative damage at the microscopic level is the underlying
cause for the fatigue of materials. It is also widely believed that the rate at which damage
accumulates can be gauged by measuring the areas of stress-strain hysteresis loops -- because
it is assumed that these areas correspond to the irreversible hysteresis energy losses that cause
damage. However, this chain of argument has been challenged on the practical as well as on
thc fundamental level: Engineering studies of fatigue going back to the classic work of Foppl

{9] and Lazan [10] have demonstrated that there is no straightforward correspondence between

the areas of stress-strain hysteresis loops and the onset of fatigue failure. In particular, the
comprehensive studies of Morrow [17, 18] and Haiford [14, 15] have demonstrated that for a
great variety of metals and alloys the cumulative energy input during ~10° cycles to fatigue
failure is of the order of 10 times the thermal energy required to bring a sample from room
temperature to just above the melting point. Put another way, the energy required to produce
fatigue failure in 10° loading cycles is 10* times the energy needed to produce failure in a single
cycle to rupture! These results clearly show that in service conditions leading to fatigue most
of the absorbed energy is dissipated harmlessly as heat, and only a small fraction is associated

with cumulative damage.




Empirically, it is plausible to identify the damaging component of the energy transfer
by a phenomenological parameter, say 8; and to estimate the fatigue service life of materials
by a suitable adjustment of 8. Indeed, the literature contains many attempts of this kind, but
success has been elusive. The actual state of affairs is indicated by the fact that designers’
handbooks for structural materials such as steels list values of the endurance limit, but omit
any mention of damage rates, because there are no reliable measures of .

There are several fundamental reasons for the failure of this empirical approach.

(a)  First, in non-equilibrium situations such as fatigue, the areas of the hysteresis
loops do not simply correspond to the rates of energy dissipation. It can be
shown quite generally that Warburg’s area principle fails in these cases, and that
the actual energy losses have to be obtained by non-equilibrium hysteresis
methods [11, 12].

(b)  Second, the empirical approach utilizes a number of ’state variables’ which, in

fact, do not exist! This point has been forcefully stated by Bridgman {13]:

"Classical thermodynamics has had comparatively little to
say about irreversible processes and that little has been of
a qualitative character, to the effect that during an
irreversible process there is an ineradicable increase of the
total entropy of the universe. But how much the increase
is, or where it is located, is not specified, and in fact the
increase of entropy itself has meaning and is detined only
if reversible processes exist by which every part of the
universe may be brought back from its final to its initial
state. But it is safe to say that the majority of actual
processes are irreversible, and worse still, most of the
objects of daily life such as a plastically strained metal
exhibiting hysteresis, are completely surrounded by
irreversibility, it being impossible to leave the present state
of the body by any path whatever that is not irreversible in
detail. The classical entropy concept is thus a concept
which is applicable only to a highly idealized set of




conditions and is not applicable in principle, to the
commonest situations of daily life."

(c) Third, we have recently extended Bridgmans work on the
thermodynamics of plasticity, and obtained the general result that all
phenomenological descriptions of damage based on distributed damage
coefficients must necessarily conflict with the second law [8]. We show
later that this inconsistency points in the direction of a microscopic
phenomenology of damage associated with locally fluctuating stress and
temperature fields.

The current dominance of fracture mechanics in fatigue research is partially due to the

lack of any useful means for assessing the rate of damage accumulation in materials. However,
even on the practical level, it is acknowledged that fracture mechanics provides merely an

indirect approach to the failure problem --- the existence of significant cracks indicates that the

structure has already failed, and fracture mechanics merely sets the limits for the impaired
performance of a damaged system, much like the management of a human patient who has
already suffered a coronary infarct. The optimum goal of practical design is to match the

service conditions with the structure and materials without acc .pting any impairment --- and

this means unequivocally identifying the true endurance limit and the intrinsic damage
absorption capacity of the system.
1.2 The Shakedown of Structures and the Endurance Limit of Materials

It is well known that there are loading programs for structures that have beneficial
effects --- in practice one says that such structures ’shake down.” This is an important technical

illustration of stabilizing hysteresis. However, for every structure and class of loading




programs, there is a critical upper limit of loading beyond which the hysteresis becomes
destructive. In these cases the structures fail through the formatici of critical sets of plastic
hinges that cause incremental collapse {2, 4, S, 6, 7]. It has been suggested [3] that the
shakedown lirnit of 2 structure is analogous to the endurance limit of a material. In both
situations the systems have effectively infinite service lives when subjected to programs of
repeated loading provided that the maximum loads remain below the shakedown and

endurance limits in the respective cases.

In the structural situations, the safe load limits are bounde d by an incremental collapse
envelope (2, 3]: this locus give a unified descriptiun of alternating plasticity, plastic collapse.
and incremcntal collapse. It is striking that this failure criterion fo- structures is analogous to
the Goodman-Gerber diagram for the fatigue limits of materials.

There are several other suggestive similarities between incremental collapse and fatigue.
For instance, the maximum load range versus the number of cycles to failure for structures
yields plots which are coiapletely analogous to the S-N curves for fatigue. Furthermore, the
cumulative damage relations for structures are analogous to the Palmgren-Miner [16, 19] laws

of fatigue. The significance of these analogies has been discussed in [1, 2, 3, -, §, 6, 7].




1.3 Fatigue: A New Approach Based on the Hysteresis of Complex Systems
The relation of the structural hysteresis theory to incremental collapse can be
summarized as follows:

mechanical work
4
asymptotic hysteresis above shakedown
i (A)
formation of incremental collapse mechanisms
¢
accumulation of hinge damage
i
failure

We conjecture that a similar sequence is associated with the fatigue failure of materials:

mechanical work
'
asymptotic hysteresis above the endurance limit
!
fcrmation of micro-plastic flow patterns
! (B)
accumulation of lattice imperfections (damage)
i
threshold of microcrack formation
¢
crack propagation
}
fracture

The transition from stabilizing to destructive hysteresis occurs at the shakedown limit
in (1) and at the endurance iimit in (2). This criterion can be used to locate the critical load
in ranges in the respective cases without resorting to the time consuming process of
constructing S-N curves. If the loading is sufficiently high so as to overlap the range of
destructive hysteresis, then it is generally necessary to obtain estimates of the number of cvcles
to failure. This intrinsic "age’ of the failure process can also be obtained by hysteresis methods

[3,4,5 6,7

6




N

A NEW CONCEPTUAL FRAMEWORK FOR THE PREDICTION OF FATIGUE
RESISTANCE

2.1  Conventional Approach
The currently-accepted approach [17, 18] for describing fatigue life is to express it in

terms of strain amplitude versus the number of cycle N; to failure (or in the number of

strain reversals 2N, to failure). It is argued that the total strain amplitude Ae /2 is
composed of two parts: an elastic part Ae /2 and a plastic part Ae /2. Thus the total

strain amplitude may be written as:

i ()

The individual terms on the right hand side of Eq. 1 are then assumed to be given by power
law relationships, first given in such form by O.H. Basquin [23] as:

Ae E Ag ,
2 - —2'— = O (ZNf)b (2)

and,

Aep , i o
5 - £,/ (2Np)° (3)

It is noted that Eq. 3 is often known as the Manson - Coffin relationship {21, 22].

The parameters appearing in Eqs. 2 and 3 are defined as:




E = Modulus of elasticity
—— = stress amplitude

o, = fatigue strength coefficient,
defined by the strain intercept
at one load reversal (2N; = 1)

N; = cycles to failure

e,/ = fatigue ductility coefficient,
defined by the strain intercept
at one load reversal (ZN; = 1)

b, ¢ = are empirically determined exponents
from cyclic strain experiments

Combining Eq. 1, 2 and 3 one obtains the usual expression for strain amplitude versus life

(reversals to failure) as,

Ae, o, b , . ’
- - ?(2Nf) + e/ (2N,) (4)
The two terms on the right hand side are usually treated separately by utilizing the results
from strain controlled cyclic tests performed on samples of the material. The variable
appearing in Eqs. 1 and 4 are related to one another as shown in the diagram of Fig. 1.
When a series of measurements are made on stable hysteresis loops at various stain

(or stress) levels, then information of the kind shown in Figs. 2 and 3 can be developed.

The information given in these two figures can be used to determine: o/, b, ¢/ and c.

Values for these constants, in turn, may be substituted into Eq. 4 to yield a strain amplitude

versus life relationship for the particular material under investigation.

8




2.2 Critique of the Conventional Approach

The approuch outlined above, if useful at all, is applicable only in the low cycle (N <
10* cycles) fatigue range as illustrated in Fig. 4.

Manson [22] has proposed a simpler fatigue resistance relationship predicated on the
assumption that the exponents b and ¢ in Eq. 4 are more or less universal constants for a
wide variety of materials. With the assumption that b = -0.12 and ¢ = -0.6, Manson’s
equation of "universal slopes" connects the total strain range Ae and life N; (number of

cycles to failure) as:

N
e

S
Ae = 35 _Eu N{o.xz . e(;.s N{‘OG (

in which,
S, = Ultimate tensile strength

true strain at fracture in tension

[\
[
I

E

modulus of elasticity

This relationship has a number of drawbacks including the fact that its does not yield
an adequate prediction of behavior in the high-cycle range. Or, in other words, it uses an
empirical model which pertains primarily to low-cycle fatigue to predict performance over
the entire fatigue range including the high-cycle fatigue range.

The most serious drawback of all approaches which utilize low-cycle fatigue models
for predicting high-cycle fatigue performance concerns the initiation and growth of cracking.

In low-cycle fatigue, cracks initiate relatively eariy in the life of the material whereas in




high-cycle fatigue cracks initiate relatively late in the life of the material as shown in Fig.
5. Hence, low-cycle fatigue, which is strongly influenced by large plastic deformations, is
also influenced by cracking whereas high-cycle fatigue is only weakly influenced by these two
factors.

2.3 Proposed Theory

The theory proposed herein presupposes that the fatigue process evolves through four
stages: (1) the inception of isolated microscopic zones of plasticity, (2) the "organization’
of the microscopic zones of plasticity into macroscopic plastic regions, (3) the initiation of
cracks and (4) complete separation or rupture. Stage 1 probably occurs at very low stress
levels and if the stresses remain low, fatigue failure does not occur. At higher stress levels.
exceeding those needed to initiate microscopic yielding, stage 2 occurs, and this is illustrated
by the curve marked P in Fig. 6. If the stresses are raised to still higher levels then stage
3 or crack initiation, occurs as illustrated by the curve marked F in Fig. 6. This curve is
sometimes called, "French’s line of damage." [20] When the stresses are raised to even
higher levels, the cracks which first appeared in state 3 propagate and eventually cause
rupture as illustrated by the uppermost curve in Fig. 6. This last curve is the conventional
S-N (or Waohler) curve.

It is clear from Fig. 6 that the entire fatigue process (stage 1 through stage 4) evolves
quite differently in the low-cycle region and in the high-cycle region. By carefully
monitoring the development of hysteresis, and acoustic emission signals, one can sensitively
describe and predict the entire fatigue process both in the low-cycle as well as in the high-

cycle region.

10




The goal of the research effort is to develop a set of diagnostic tests that will permit
the prediction of the entire S-N (low cycle and high cycle) curve for a metal from a
relatively small number of measurements. A typical S-N curve obtained by conventional

means is shown in Fig. 7.

11




3. RESULTS
3.1  Materials Properties

The purpose of this research effort is to investigate the evolution of hysteresis in
metals subjected to cyclic stress regimes for the purpose of elucidation of the connection
between hysteresis and fatigue strength. To this end, 72 specimens were subjected to axially-
applied cyclic stress regimes. Ten specimens of this material were fabricated into ASTM
Type 2 axial-load tension specimens, as shown in Fig. A, and stressed to failure. The
mechanical properties measured during these 10 tests are given in Table 2. In all cases, the
stress-strain diagrams obtained were of the ’gradual yielding’ type as shown by the curves
labeled *monotonic’ in Figs. 8a and 8b. The average physical properties found were:

Yield Point o, = 70,769 psi

77,717 psi

Ultimate Strength, g

Modulus of Elasticity, E 29,600,000 psi
Elongation in 2", = 18.20%

Reduction in Cross -
Sectional Area, = 61.05%

Because the material was of the gradual yielding type, the yield point was measured by the
0.2% offset method using the actual stress-strain curves generated by an X-Y recorder
driven by electronic signals emanating from a load cell attached to the testing machine (B-L-
H 60,000 Ib. UTM) and from a LVDT extensometer attached to the specimen.

Thirteen specimens were fabricated into the shape shown in Fig. B. These 13
specimens were cut to shape by turning a high-speed tracer lathe employing a carbide

cutting tool and meticulously hand polished to remove any surface blemishes or cutting

12
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marks visible in a 2X magnifying lens. Each of these 13 specimens was then mounted, in
turn, in a MTS servo-value controlled axial load testing machine and subjected to strain-
controlled, cyclically-varying tension and compression loads until complete rupture occurred.
The speed of testing was 0.1 cycles per second. A sufficient number of stress-strain points
were accumulated during each test to obtain the average hysteresis losses per cycle. The
corresponding cumulative hysteresis loss information is given in Table 3. Also, this data was
used to create the hysteresis loops and the cyclic stress-stain curve shown in Fig. 8a. The
latter diagram is merely an empirical curve which is constructed to pass through the tips of
the hysteresis loops. This cyclic stress-strain curve is also shown in Fig. 8b in which the
hysteresis loops have been removed for greater clarity.

The conventional approach to the treatment of the fatigue behavior of metals has
been described in Section 3.1. With the data obtained from the tests performed on the
specimens listed in Table 3, it is possible to construct the graphs shown in Figs. 9. 10 and
11, and to find the empirical coefficients defined by Eq. 2, 3 and 4. It was found from these
experiments that the data could be ’fitted’ by the following three equations Awhich were,

respectively, of the form given by Egs. 2, 3 and 4.

Ae E  Ag

-5 " o (2Np°® = 79.7(2N)~ %7 (6)
ASP ’ c -.5081
—7 - & (@Np® - 02034(2N) (7)
Ae, o/

— T N e e OND
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or,

A
% - 79.7 QN7 4+ 02034 (2N,) %! (8)

The information given in Tables 1, 2, and 3; Figs. 8a, 8b, 9, 10 and 11; and Egs. 6,
7 and 8 is believed to be sufficient to fully describe and characterize the mechanical
properties of the single batch of material from which all of the test specimens were made.
3.2 The Evolution of Hysteresis

The 59 specimens shown in Table 4 were fabricated in the same manner as those
shown in Table 3 and subjected to various strain limited, cyclically-applied loading programs
in order to investigate the evolution of hysteresis in the low cycle fatigue region (i.e. N, <
10% ). Some of these specimens were subjected only to constant strain range loading, while
others were subjected to load regimes which caused the strain amplitudes to vary with the
cycle number N in the manner shown in Fig. 12. This type of loading was utilized to obtain
as much hysteresis data at various strain amplitudes as possible from a single specimen.
This is preferable to collecting data from a number of individual specimens with each
specimen subjected only to a single strain amplitude.

Apart from a few cycles at the beginning and a few cycles at the end of the loading

history of each specimen, the hysteresis loss (area of the hysteresis loop, AU, ) per cycle was

found to be very nearly a constant in all cases. This result is typified by the graphs shown

in Figs. 13a, b and c. Also, the average hysteresis loss per cycle < AU, > for every cycle

of load to failure is given in the right hand column of Table 4 for all 59 test specimens.

14




Inasmuch as the hysteresis loss per cycle is very nearly a constant from cycle to cycle
during most of the loading history of each specimen, it is clear that the respective

N

cumulative hysteresis loss, U = Z AU, , must be very nearly a linear function of N. In
i-1

other words, this result implies that,

N
Y AU, = <AU>(N) (9)
i1

in which < AU, > is equal to the average hysteresis loss per cycle; that is, a constant. This
result is exemplified by the graphs shown in Figs. 14a and 14b, wheie it is clear that the
E AU, versus N relationship is very nearly a straight line almost up to and including the

point of failure. At failure, the total accumulated hysteresis loss 1s,

Ny
U; - El AU, (10)
<

This quantity has been obtained for each of 13 tests. If one makes a graph of U, versus the
number of cycles to failure N, as is done in Fig. 15, then it is quite clear that the data is

well represented by a straight line on a log-log chart which has the functional form:
U; - c(Np)? (11)

In this investigation it has been found that fitting the data with an equation of the form of

Eq. 11 yields the result,

15




U, - 26.74 (N)™. (12)

Although it has been found that hysteresis loss per cycle AU, is very nearly constant with

respect to the number of cycles of load application, the average hysteresis loss per cycle

Ae
< AU, > is a monotonically increasing function of the strain amplitude —2—‘ That is, one
. A S
may write, <AU> - F > (13)

The explicit dependence of < AU, > upon Azi is shown in Figs. 16a and 16b. It is clear

from these two figures that the data may be fitted with three straight lines; the slopes of
which increase as the strain amplitude increases.

Although the average hysteresis loss per cycle < AU, > depends only on the strain

amplitude, the cumulative hysteresis loss to failure U, is a function both of the number of

cycles to failure N; and the strain amplitude Ae /2. Formally, this is expressed by,

Ae

Eq. 14 implies that the function U, corresponding to the data given in Table 3, may be used
to construct a three dimensional graph of the form shown in Fig. 17. This graph clearly
displays the three dimensional trend that as the strain amplitude decreases, the number of

cycles to failure increases and the cumulative hysteresis losses also increase.

16




3.3  The Connection Between Hysteresis and Fatigue Strength

The three-dimensional graph shown in Fig. 17 suggests that the connection between

Ae
U, N;and —2—‘- might be exploited to yield further insights into the behavior of materials

subjected to cyclic loads. The projection of the space curve shown in Fig. 17 onto the

Ae
T‘ - N, plane gives rise to the plane curve shown in the upper portion of Fig. 18 and the

projection of this same space curve onto the U; - N, plane gives rise to the plane curve
shown in the lower portion of Fig. 18. From both the upper curve as weil as the lower curve

of Fig. 18, it is clear that the response of the material to cyclically-applied loads when

N, < 10* differs qualitatively and quantitatively from the response when N > 10*. The

value N, - 10* is, of course, the usual demarcation between low-cycle fatigue and high-cycle

fatigue behavior. It is also striking, from the curves of Fig. 18, that the magnitude of the

. . . Ae
cumulative hysteresis energy dissipated, U, grows rapidly as —2——t decreases and N;

increases. This leads one to the hypothesis that much of the hysteresis energy that is
imparted to the material must be dissipated harmlessly as heat while only a relativelv small

amount of this energy results in actual damage to the material.

17




4, CONCLUSIONS

The connection between hysteresis and fatigue assumes its simplest form in repetitive
strain-controlled loading cycles. Under these circumstances the average hysteresis energy
dissipation per cycle is a linear function of the strain amplitude. Since hysteresis is an
inherently non-linear and history-dependent process, it is extremely usetul to obtain a simple

linear relation that governs its behavior. The linear variation of < AU; > with strain

amplitude is consistent with the behavior predicted by the general hysteresis theory, and also

strengthens the correspondence between material fatigue and structural failure. On the

basis of these results fatigue life N, peak strain €, average hysteresis energy dissipation per
cycle < AU, >, and total hysteresis energy dissipation, can all be related by simple power

laws.

The hysteresis threshold strain €, has a dual significance: (1) It may locate the

approximate value of the endurance limit, i.e. the loading bound for ’infinite’ service life:
and (2) it also implies that mechanical hysteresis is a necessary but not a sutficient condition
for fatigue failure. A good deal of the confusion in the literature concerning the connection
between hysteresis and fatigue can be traced to this gap between "necessary’ and “sufficient’.
The essential distinction is that it is in principle possible to have non-vanishing, steady
hysteresis, without any progressive accumulation of damage, or a reordering of the existing
damage. The material has, so to speak, sustained an infarct, but can tolerate its effects
indefinitely provided that the external loading does not exceed a critical value. In this sense,

asymptotic mechanical hysteresis can appear below the endurance limit without signalizing

18




the onset of fatigue failure. This tvpe of 'non-damaging’ hysteresis is predicted both by our
structural models as well as the general hystercsis theory. Experimentally, this behavior can
be studied with scanning tunneling microscopy, acoustic emission, magnetomechanical
response, and other effects that are sensitive to microstructural processes. Preliminary
results have been obtained with several of these techniques. The ric -t phase of the research
will include a careful repetition and extension of our hysteresis experiments, a correlation
with acoustic emissions and an integration of results obtained in complementary research
efforts, conducted elsewhere, involving scanning tunneling microscopy and magneto-

mechanical response.
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TABLE 1

Chemical Properties Of
Rimmed ASTM 1018 Steel

ELEMENT PERCENT BY WEIGHT
CARBON 0.16
MANGANESE 0.75
PHOSPHOROUS 0.012
SULFUR 0.016
SILICON 0.04
NICKEL 0.04
CHROMIUM 0.04
COPPER 0.06
MOLYBDENUM 0.02
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TABLE 2

UNIAXIAL TENSILE PROPERTIES (MONOTONIC LOADING TO FAILURE)
(AISI 1018 Unannealed Steel)

SPECIMEN DIAMETER GAGE YIELD ULTIMATE ELONGATION | REDUCTION
NUMBER (in.) LENGTH STRENGTH STRENGTH (%) IN AREA
(in.) {PSy (PS)) (%)

AX121 0.505 2.000 70,150 77,090 18.05 61.83
AX122 0.508 2.000 69,620 77,280 18.40 61.74
AX221 0.506 2.000 71,610 78,270 17.95 61.25
AX222 0.506 2.000 72,360 78,570 18.65 61.49
AX321 0.508 2.000 72,110 79,370 17.20 58.75
AX322 0.506 2.000 71,610 79,370 17.25 58.49
AX421 0.508 2.000 87,880 74,490 19.10 61.98
AX4a22 0.5086 2.000 68,130 74,390 18.70 62.47
AX521 0.506 2.000 72,110 79,170 18.40 61.00
AX522 0.508 2.000 72,110 79,170 18.30 61.49

AVERAGE 70,769 77,717 18.20 61.05

*Yield Strength is obtatined at 0.2% offset.
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TABLE 3

TEST TYPE: Strain control, virgin specimens tested to failure.

SPECIMEN STRAIN CYCLES CUMULATIVE AVERAGE
NAME AMPLITUDE TO HYSTERESIS | HYSTERESIS

(IN/IN) FAILURE LOSS LOSS
FTG124 0.0035 17,843 4,010.9 0.2248
FTG125 0.0045 6,537 2,400.68 0.3668
FTG127 0.006 2,472 1,5602.44 0.6079
FTG128 0.015 118 293.846 2.5041
FTG129 0.008 532 5562.329 1.0437
FTG132 0.0C3 24,854 3,661.688 0.1473
FTG222 0.015 101 252.347 25182
FTG223 0.008 754 756.005 1.0028
FTG224 0.006 2,485 1,469.279 0.5886
FTG225 0.003 30,276 4,600.180 0.1519
FTG226 0.0045 3,949 1,480.548 0.3750
FTG233 0.0035 10,821 2,301.857 0.2126
FTG323 0.0045 4,560 1,412.978 0.3105
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TABLE 4

TEST TYPE: Strain controlled, varying number of cycles. Samples with the letter A
appended to the sample name are virgin specimens, while other letters
indicate the same specimens retested at different strain levels.

SPECIMEN—“ s STRAIN CYCLES AVERAGE
NAME AMPLITUDE TESTED HYSTERESIS

LOSS
FTG227A 0.0022 360 0.0626
FTG2278 0.0035 360 0.2250
FTG227C 0.0045 360 0.3595
FTG228A 0.0022 360 0.0684
FTG228B 0.0025 360 0.1039
FTG228C 0.003 360 0.1423
FTG228D 0.0035 360 0.2060
FTG228E 0.003 360 0.1457
FTG228F 0.0025 360 . 0.0970
FTG228G 0.0022 360 0.0710
FTG229A 0.0015 360 0.0059
FTG2298 0.0017 360 0.0197
FTG229D 0.0019 360 0.0408
FTG229E 0.0035 200 0.2194
FTG229F 0.004 200 0.2874
FTG229G 0.0045 200 0.3602
FTG229H 0.005 200 0.4357
FTG223l 0.0045 200 0.3566
FTG229J 0.004 200 0.2839
FTG229K 0.0035 200 0.2156
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TABLE 4 (CONTINUED)

SPECIMEN STRAIN CYCLES AVERAGE
NAME AMPLITUDE TESTED HYSTERESIS

LOSS
i 1G2C0A 0.0022 200 0.0581
FTG230B 0.0025 200 0.0941
FTG230C 0.0028 200 0.1290
FTG230D 0.0033 200 0.1888
FTG230E 0.0040 200 0.2805
FTG230F 0.0055 100 0.5115
FTG230G 0.0065 50 0.6789
FTG230H 0.0100 50 1.3673
FTG230l 0.0065 50 0.6754
FTG230J 0.0055 100 0.5049
FTG230K 0.0040 200 0.2783
FTG230L 0.0033 200 0.1866
FTG230M 0.0028 200 _ 0.1304
FTG230N 0.0025 200 0.0999
FTG2300 0.0022 200 0.0736
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TABLE 4 (CONTINUED)

SPECIMEN STRAIN CYCLES AVERAGE
NAME AMPLITUDE TESTED HYSTERESIS

LOSS
FTG231A 0.0022 400 0.0708
FTG231B 0.0021 40 0.0649
FTG231C 0.0020 40 0.0571
FTG231D 0.0019 40 0.0493
FTG231E 0.0018 40 0.0425
FTG231F 0.0017 40 0.0357
FTG231G 0.0016 40 0.0303
FTG231H 0.0015 40 0.0236
FTG231 0.0014 40 0.0194
FTG231J 0.0013 40 0.0137
FTG231K 0.0012 40 0.0090
FTG231L 0.0011 40 0.0049
FTG231M 0.0010 40 0.0033
FTG231N 0.0011 40 0.0050
FTG2310 0.0012 40 0.0075
FTG231P 0.0013 40 0.0108
FTG231Q 0.0014 40 0.0149
FTG231R 0.0015 40 0.0194
FTG231S 0.0016 40 0.0243
FTG231T 0.0017 40 0.0306
FTG231U 0.0018 40 0.0366
FTG231V 0.0019 40 0.0432
FTG231W 0.0020 40 0.0499
FTG231X 0.0021 40 0.0591

27




8¢

(MJ0LS Q0Y Y3L3WVIQ . /£)

N3WIJ3dS NOISNIL V01 VIXY Z 3dAL WISY Vv 914

OH1 0t - »/C w

08L°

Y .9/€
r $HY /

—

.S29
.S08°
| l

Y .91/

B .8/s Lz

I .8/6

F/€ S




6C

(40015 'PY ‘Welq /€ )
uawioadg ongdne, peo [BIXY g 814

Mth Am AA~
S
- L =
T —=
d .79 A .SLE A.STO - - -
F % L L - - -
h 4
Al —pH—Ii¢ >—I¢ é—>
qsm- ..— —-WNmu nnWch :mNm! —-—. '-m.
4 WSLBE N




A " L - . .
owe::,é‘;‘d 2 ot 5;‘,-4/,2 A?an.jc ———>4<———— ”,o,oer Strain Limdd

A6 A¢
~— 7 7 A

/
=
I_‘ ac, *L Ae,_..-bf___i
- o -

Ilg. 1 Typlcal Stress-Strain Loop for Censtant Strain
Range Cycling

30

_ 4




%‘2— or 0, stress smplitude , MPa

10’ |~

10% |-

!

S~

Fatgue strength coef{lclant

9y o) (2N = 1200 (2N, =099

Fatugus strength
sxponent = glops = H = —Q,09

| ) ] ! ! !

ﬂ
=gy 1200 M2s

'3 [4
9}::'6714“ ‘?Q ‘(élw:'b‘: Ny s o
Fig. 2 Fatigue Strength Properties

)= ¢; = 0.58 Fatigue ductllity coetficlent

3 10% -
._g S =y (2N)° =058 (2N, )07
E
g ]°~3 - -1
§ Fatlgus ductlity
< 8Xponant = glope = ¢ w —0,57
::’IN 10=31— b
10— ! | | 1 ] 1
1 10" 10? 10° 10¢ 10% 108

Reversals to fallure, 2N,

Fig. 3 Fatigue Ductility Propertles

31




[

Al

N
N 18% NI maraglag [300)
O\
10-t \ v Losd control
=
§ F
§ T
e
.10"’1 B

T 11T
m
&
Q
™

] IR EANLI I RE AT BRI RN ARRERRRITI
1 10 10? 10° 1ot 1t 1ot
Reversals 1o fallurs, 2N)

Fig. 4 Typlcal Strain Amplitude vs Life Data

100~ o0
80—
v iezs N
PERCENT  gol- Ni
OF LIFE TO
CRACK INITIATION
40|~ + 410 STEEL 400°F TENPER
o O 410 STEEL 830°F TEMPER
o A 2024-T4 ALUNINUN
20l ® 4130 HARD STEEL
® POLYCARBONATE
O PURE Al AND PURE NI
((FROW LAIRD  AND' SMITH, 1963)
0 ] ] ) ) -
0t e 10 lo‘ 0° 10t
Cydle llu, Ny

Fig. 5 Percent of Life to Crack Initiation
vs Life Data for Several Materials

32




ConveNTioNAL S vi N
/ /ﬁemwwlsmg Compeeré Ruprure

Stress AMPLITUDE
e

I i
SJ{_"ENDURAN?W Limit
+_ - P Mr
° ) Jo"l b

Crevic bire, N,
(/gd-v/'dﬁm," 5o¢/¢)

Fig. 6 The Evolution of the S-N Curve From Stages
of Microplasticlty and Crack Initlation




*
Fig.7 S-N Curves Typical for Medium-Strength Steels
)o"" c:cles
t—Llow CYCLE FATIGUE HiGH CretE FAT/CYE —
100
30 - Fracture region
N (all specimens lraciured)
80 |-
Y Fatique Iracture’band’
ez Tor \
% Prepcrep S-N
L v
3 §’ 60 }" Finite-lite region )
§ I (no specimens fracturzd) T -
I sof T T -
QL g 7l /7 { ’
o 40f SPECIMEN Runou7?T
<3
i -
o
o N
¢ Fatigue limit Infinite-life region
20 =
10
0 ! ! 1 1 Y il 1 | -
100 10 102 108 10¢ 10% 106 107
(1) (10) (100) (1.000) (10.000) {100.000) (1.000.000) {10.000.000)

Number of cycles to fracture , “j‘-\'"tkm:g seale

From Boyer, H.E., “Atlas of Fatigue Curves", American Saciety for Metals,
May 1986.

34




v

STRESS (KSI)

STRESS (KSI)

Fig BA. CYCLIC STRESS — STRAIN AND
MONOTONIC STRESS - STRAIN
80.00
]
60.00 - MONOTONIC ——
]
40.00
20.00
1
0.00 - /
—20.00 J ///
—40.00 -
-60.00 -]V<
. cyeuc
—80.00 TI I T T T T T V[T T T e T T T I i T Ty v frrrrrrurrt
-0.020 -0.010 0.000 0.010 0.020
STRAIN (IN/IN)
Fig. 8b CYCLIC STRESS — STRAIN AND
MONOTONIC STRESS — STRAIN
80.00
80.00 _: MONOTONIC —
40.00
20.00 ]
0.00
—20.00
]
-40.00
-60.00
. cyeuc
—80-00 llIIl’_f['l[‘llllr'lll ll'lT'T‘l‘lllrllITf
~0.020 -0.010 0.000 0.010 0.020
STRAIN (IN/IN)

35




10°

Fig. 9 FATIGUE STRENGTH PROPERTIES
[ Ac/2 VS 2N,
10"
1
® —~ -
g |
§ 1l 80/2 = o'f2N,)* = 79.7(2N, ‘-“‘i’/ ° S
) 5
n
n
=
® w
. 10 LIRELELARAL] LIBLEALLLI LB R R | LR LR RLLI| LELLULALE A
1 10 10 * 10°* 10 ¢
REVERSALS TO FAILURE
° Fig. 10 FATIGUE DUCTILITY PROPERTIES
. Ag,/2 VS 2N,
z -
Py E ik A2,/2 = &'{2N,)' = .2084(2N,)™*
~10 '
= ]
§ -
=]
. 3
10 ~*3
n
L S
= .
]
e
10 -4 ¥ T llIHl ¥ ] llllll[ LI lIIlll' ¥ LR lllll[ T T TTE
1 10 10" 10° 10 ¢
REVERSALS TO FAILURE (2N,)
36
@

10°




Fig. 11 STRAIN AMPLITUDE VS REVERSALS TO FAILURE
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Fig. 13a HYSTERESIS LOSS PER CYCLE VS CYCLES
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Fig. 13b HYSTERESIS LOSS PER CYCLE VS CYCLES
AU; VS N
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Fig. 13c HYSTERESIS LOSS PER CYCLE VS CYCLES
AU; VS Ny
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Fig. 14a CUMULATIVE HYSTERESIS LOSS VS CYCLES
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Fig. 14b CUMULATIVE HYSTERESIS LOSS VS CYCLES
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Fig. 15 CUMULATIVE HYSTERESIS LOSS AT FAILURE
VS CYCLES TO FAILURE
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Fig. 16a AVERAGE HYSTERESIS LOSS VS
STRAIN AMPLITUDE
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Fig. 17 CUMULATIVE HYSTERESIS LOSS AS A FUNCTION
OF STRAIN AMPLITUDE AND CY}LSJS TO FAILURE
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Fig. 1C

CONNECTION BETWEEN CUMULATIVE HYSTERESIS
LOSS AND STRAIN AMPLITUDE AT FAILURE IN FATIGUE
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